This review summarizes a novel hydrolytic processing of soybean proteins. Under limited hydrolytic condition, glycinin or β-conglycinin could be selectively digested in soybean proteins. The hydrolysates can be useful for an ingredient in various food applications. Selective hydrolysis may be effective for the reduction of soybean allergenicity with processing functionality.
Introduction
Soybean is a dominant oilseed worldwide and is one of the most important agricultural commodities because of its high protein content (Liu, 1997) . Currently global production is estimated about 230 million tons, and a large amount of defatted soybean meals are produced after extraction of oil. Most defatted soybean meal is used for animal feed and only a small portion is further processed into various types of soy protein products for human consumption (Johnson et al., 1992) . At present, the food shortage is evident due to the rapid increase in the world population. Therefore, better utilization of soybean proteins is important. Soybean proteins possess good nutritional quality and functional properties such as gel forming ability and emulsification . In addition, soybean proteins have several physiological functions such as cholesterol-lowering effect (Anderson et al., 1995) and reduction in risk of heart disease (FDA, 1999) . Thus, improving its functional properties may increases its use as a food material.
Many studies have demonstrated that the enzymatic hydrolysis of soybean proteins improved its functional properties, including solubility, emulsification and foaming characteristics (Puski, 1975; Zakaria & McFeeters, 1978; Gunther, 1979; Kamata et al., 1984; Kim et al., 1990; Qi et al., 1997; Were et al., 1997; MolinaOrtiz & Wanger, 2002; Ruíz-Henestrosa et al., 2007) . Glycinin and β-conglycinin, the major components of soybean protein, are linked to the functional properties of soybean proteins (Nielsen, 1985; Utsumi et al., 1997) . Limited hydrolysis has also been reported to affect rheological properties of soy proteins (Pour & Swenson, 1976; De Rham et al., 1978; Kamata et al., 1989; Jung et al., 2005; Lamsal et al., 2007) . However, there have been no reports on enzymatic modification of soybean proteins by selective denaturation of one specific component, such as glycinin or β-conglycinin, which would allow for alterations of its inherent functional characteristics.
We applied a novel hydrolysis method for preparation of useful food materials. This review summarizes the effects of enzymatic hydrolysis on the functional properties of soybean proteins.
Selective Proteolysis of the Glycinin and β-Conglycinin

Fractions in SPI
While glycinin fractions in native SPI disappeared with incubation at below pH 2.5, β-conglycinin fractions were not susceptible to peptic digestion at 37℃ in the pH range of 1.5-2.5 (Fig. 1) . On the other hand, β-conglycinin in native SPI was gradually degraded with increasing reaction temperature above 60℃ and almost completely hydrolyzed at 70℃, while glycinin in SPI was substantially resistant to hydrolysis at temperatures below 80℃ (Fig. 2) .
Understanding the relationship between the digestibility of each fraction and its denaturation state is beneficial. The thermal stability of glycinin and β-conglycinin at various pH values has been investigated by DSC analysis (Koshiyama, 1972; Puppo & Añón, 1999) . The endothermic peak temperature (Tp) of glycinin was lower than that of β-conglycinin in the acidic pH range. However, Tp of glycinin was higher than that of β-conglycinin above pH 3.5 and approximately 15℃ higher in the neutral pH range. These results indicate that glycinin is preferentially denatured in the acidic pH range and more thermally stable than β-conglycinin in the neutral pH range.
Random hydrolysis occurs when denatured SPI is used as the substrate; however, glycinin and β-conglycinin can be selectively hydrolyzed using native SPI as the substrate. Fukushima (1959) previously reported that the proteins in soybean flour are hardly hydrolyzed in a native state by the protease of Aspergillus sojae, but become susceptible upon heating. Nielsen et al. (1988) demonstrated that native and heated legume storage proteins can be digested with various proteinases including pepsin and papain and that all proteins are readily degraded upon heating regardless of proteinase.
A hypothesis to explain the selective proteolysis is presented based on the substrate denaturation (Fig. 3) . When native SPI, which consists of native glycinin and β-conglycinin, is subjected to a specific condition such as acidic pH range for glycinin (pH 1.5-2.5) or high temperature for k. tSumura (Tsumura et al., 2004 β-conglycinin (approximately 70℃), selective denaturation of either the glycinin or β-conglycinin fraction can occur. That is, while the denatured constituent fraction can be easily hydrolyzed by proteases, the other fraction might be resistant to such hydrolysis, resulting in selective proteolysis. Denaturation of glycinin or β-conglycinin may play an important role in such selective proteolysis. The present result confirms that native SPI is required for selective proteolysis, while the specificity of the enzyme is not necessarily important.
Preparation of Modified SPI by Selective Hydrolysis and Fractionation
A new method for modifying SPI was designed based on the results of selective proteolysis. Native SPI was hydrolyzed by pepsin and precipitated at pH 4.8. The precipitate mainly contained the undigested fraction containing enriched β-conglycinin. Precipitation removed a number of small peptides and/or amino acids produced during hydrolysis, contributing to reduced levels of bitterness; the resulting modified SPI was designated as pepsin-treated SPI (PE-SPI). Native SPI was also hydrolyzed by papain and precipitated at pH 4.8. Precipitation at pH 4.8 eliminated the cooling step for glycinin and yielded a modified SPI designated as papain-treated SPI (PA-SPI). The method for modifying SPI is described in Fig. 4 . The yields of PE-SPI and PA-SPI from native SPI were 65% and 73%, respectively. SDS-PAGE analysis showed that 90% of the glycinin or β-conglycinin fraction was reduced in these modified SPI. The gelation process of the modified SPIs was evaluated by dynamic viscoelastic measurements. The increase in storage modulus G' of PE-SPI was higher than that of the control SPI, while that of PA-SPI was minimal with cooling. The gelation properties of glycinin-rich and β-conglycinin-rich SPI prepared from new soybean lines have been determined by dynamic viscoelastic measurements (Nagano et al., 1996) , revealing an increase in storage modulus G' in the order of β-conglycinin-rich SPI > control SPI > glycinin-rich SPI. These results indicate that this method may be applicable for preparing hydrolysates selectively enriched with glycinin or β-conglycinin. We alternatively developed a novel method for successfully fractionating soy protein by treating defatted soymilk with phytase and breaking the protein-phytate interaction to facilitate Enzymatic Hydrolysis Improves Soybean Protein Properties ppt. ppt.
PA-SPI PE-SPI Control SPI curd separation of glycinin and β-conglycinin (Saito et al., 2001) . Our method can be used for large-scale preparation, as no reducing agent or cooling process is required.
Preparation of Reduced-β-conglycinin and Reducedglycinin Soy Protein Hydrolysates
Two kinds of soy protein hydrolysates, reduced-β-conglycinin (RCH) and reduced-glycinin (RGH), were prepared and the functional properties of these hydrolysates were evaluated in comparison with those of the control SPI (Tsumura et al., 2005a) . The solubility as a function of pH of the hydrolysates is shown in Fig. 5 . The pH-protein solubility profiles of both hydrolysates were in general pH-dependent, both with a minimum solubility at around pH 4.5, which is the isoelectric point of soybean protein, and were similar to the control SPI. The observed increase in solubility of both hydrolysates at around pH 4.5 in comparison with the control SPI may have been due to soluble peptides produced by proteolysis. RCH showed similar solubility to the control SPI at pH > 7, but exhibited lower solubility than RGH and the control SPI at around pH 6. On the other hand, RGH showed lower solubility than the control SPI at pH > 6. Both hydrolysates had lower solubility than the control SPI at pH < 3.5. Although the reason for this decreased solubility remains unclear, it may have occurred from an increase in exposed hydrophobic residues, leading to increased hydrophobic interaction between proteins and/or peptides in the acidic pH region. The apparent viscosity of both hydrolysates was lower than that of the control SPI, with RCH being particularly low among the three (Fig. 6) , suggesting degradation of the β-conglycinin fraction in SPI by selective proteolysis. It has previously been reported that 7S globulin (β-conglycinin) showed higher apparent viscosity than 11S globulin (glycinin) (Umeya et al., 1980) . The emulsifying activity was determined by the turbidimetric method at three pH values (Fig. 7) . In the case of both hydrolysates, improved emulsifying activity was observed compared to the control SPI at pH 4.0, this probably being related to the increased solubility in the isoelectric-point region. RCH exhibited lower emulsifying activity than RGH and the control SPI at pH 5.5, probably due to the lower solubility at around pH 6. At pH 7, the emulsifying activity was in the order of control SPI > RGH > RCH. These results indicate that both hydrolysates possess poor emulsifying ability compared to that of the control SPI, and that β-conglycinin, which is the residual constituent in SPI and RGH, may play an important role in the emulsifying ability in the neutral pH range. It has previously been demonstrated that the 7S-rich SPI fraction has better emulsifying properties than the 11S-rich SPI fraction in the neutral pH region (Aoki et al., 1980) . Both hydrolysate had improved foaming properties (whippability) compared to the control SPI at three different pH values (Fig. 8) and RGH exhibited better whippability than RCH at pH 7. Limited proteolysis produces smaller peptides with improved foaming properties, while large peptides and unhydrolyzed proteins may exhibit an inhibitory effect on the foaming properties by hydrophobic interaction and/or steric hindrance at the interface of the foam. Thus, the peptides generated from glycinin, which is the major constituent of RGH, may play a role in the whippability in the neutral pH range.
Gelling properties following mixing with salt-soluble (Tsumura et al., 2005a) . ○, RCH; •, RGH; △, control SPI. Fig. 6 . Viscosity of the hydrolysates (Tsumura et al., 2005a) . Vertical bars indicate the standard deviation.
meat protein (SSMP) were also examined. As shown in Fig.  9 , the gel hardness prepared from RCH was higher than that from RGH, indicating that RCH retains gel-forming ability in the presence of SSMP; however, one of its constituent fractions (β-conglycinin) was markedly reduced. The microstructure of the gels observed by scanning electron microscopy revealed that RCH binds continuously in contact with the surrounding SSMP network. The formation of a tough gel may be attributed to the binding of RCH to increase the thickness of the network. These results indicate that the residual constituent in RCH, e.g. glycinin, may play an important role in the gel hardness in the presence of SSMP. It has previously been reported that the glycinin fraction in SPI interacted with myosin, a major constituent of SSMP (Peng et al., 1982; Haga et al., 1986) . SPI is widely used as a food ingredient, especially in meat products. The application of SPI for a pickling solution (brine for injection) requires gelforming ability with a low viscosity (Kawabata et al., 1994) . Therefore, RCH would be useful for injected meat products because of its low viscosity and retained gel-forming ability when mixed with meat protein.
Soy Protein Hydrolysate as a Functional Ingredient
Recently, development of substitutes derived from natural products has been a major focus for synthetic food additives, such as synthetic emulsifying and whipping agents. In this respect, soybean protein has been studied as a natural product for the raw material of substitutes for synthetic food additives. A polypeptide composition obtained by independently hydrolyzing β-conglycinin and glycinin of soybean protein was proposed (Tsumura et al., 2001a; Tsumura, 2001b) . The polypeptide composition contains hydrolysates of both β-conglycinin and glycinin components which have good emulsifying and whipping properties and are useful for various food systems (Table 1) .
Enzymatic Hydrolysis Improves Soybean Protein Properties 9 . Gel hardness of the hydrolysates mixed with salt-soluble meat protein (Tsumura et al., 2005a) . Vertical bars indicate the standard deviation.
Preparation of Hypoallergenic Soybean Protein
Food allergies have become a serious problem. At present, the growing consumption of soybean products not only in Japan but worldwide may result in an increase in the incidence of patients with soybean allergy. Thus, the development of hypoallergenic soybean protein is desirable. Three soybean proteins, Gly m Bd 30K, the α-subunit of β-conglycinin, and Gly m Bd 28K have been identified as major allergenic soybean proteins (Ogawa et al., 1991; Ogawa et al., 1993) . There have been several attempts to lower the allergenicity of soybean proteins by enzymatic Yamanishi et al., 1996) or physicochemical Samoto et al., 1994) treatments. Yamanishi et al. (1996) demonstrated that Bacillus sp. proteases effectively hydrolyze Gly m Bd 30K using autoclaved soybeans as the substrate; however, hydrolysis of all the proteins in soybean was required for the denaturation of Gly m Bd 30K. As such protease-treated soybeans lose their processing functionality, these approaches are limited on an industrial scale, particularly with respect to the functionality for processing and production cost. Among the proteases tested, a food-grade Bacillus sp. protease Proleather FG-F was the most effective in denaturing both β-conglycinin and Gly m Bd 30K (Tsumura et al., 1999) . We therefore selected it to reduce the soybean allergenicity by examining the reaction conditions for enzymatic hydrolysis. When heat-denatured SPI was subjected to hydrolysis as the substrate, the major storage proteins (β-conglycinin and glycinin) were hydrolyzed randomly, and Gly m Bd 30K was not completely degraded. These results coincide with the present findings that the digestibility of Gly m Bd 30K is poor in comparison to that of the major storage proteins using heat-denatured SPI as the substrate. Thus, to reduce the levels of both β-conglycinin and Gly m Bd 30K, the following reaction conditions were optimal: native SPI is the substrate for hydrolysis using commercially available enzyme Proleather FG-F at pH 7 at 70℃. β-Conglycinin and Gly m Bd 30K were markedly degraded based on SDS-PAGE and immunoblotting analyses (Fig. 10) . The level of Gly m Bd 30K was reduced 99.2% compared with undigested SPI. The allergenicity of the hydrolysate was evaluated using patient serum containing IgE antibody specific for Gly m Bd 30K; almost all of the Gly m Bd 30K capable of reacting with the IgE antibody was eliminated. Subsequently, the antigenicity of Gly m Bd 28K in the hydrolysate was also markedly degraded by Proleather FG-F as observed by immunoblotting. A firm, self-supporting gel could be prepared from the hydrolysate using glucono-δ-lactone (GDL) as a coagulant (Fig. 11) . The breaking strength of the gel prepared from the hydrolysate was almost the same as that prepared Fig. 11 . GDL gels prepared from the hydrolysate and SPI. Protein concentration, 5%, GDL, 0.35%. from undigested SPI, indicating that the hydrolysate retains its gel forming ability. Even though the hydrolysate could form a gel, its protein constituents were digested to the extent that the reactivity with IgE in serum from soybean-sensitive patients was markedly reduced. The present procedure is a simpler means of reducing the levels of the three major allergenic soybean proteins in SPI prepared from a conventional soybean cultivar. These results suggest that the present hydrolysate may have wide use as a hypoallergenic food material to produce various fabricated foods.
SPI Hydrolysate
Conclusion
Despite the various conditions including the use of different proteases and substrates, previous studies on hydrolysis of soy proteins suggest that resistance to proteolysis of soy proteins depends largely on the extent of protein denaturation. Soy protein isolate proteolysis significantly correlates with denaturation of glycinin and β-conglycinin. During hydrolysis, some of the soybean protein digests coagulate (Inouye et al., 2002; Nagai & Inouye, 2004) and remain insoluble, resulting in poor solubility. Although characterization has been achieved for these digests (Kuipers et al., 2006; Creusot & Gruppen, 2007; Kuipers et al., 2007; Kuipers et al., 2008) , understanding their structure-function relationship is crucial for enhancing the functional properties of soybean proteins (Tsumura et al., 2005b) . Enzymatically hydrolytic technology is now in place to improve the physicochemical properties of soybean protein, thereby increasing its value in the market.
